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Abstract 
In order to improve the interlaminar shear strength (ILSS) of glass fiber reinforced 
polymers (GFRPs), the fiber/matrix interface has been enriched via chemical robust 
bonds between glass fiber surface and carbon nanotubes (CNTs). Electrophoretic 
deposition (EPD) utilized to form a homogenous layer of CNTs on the chemically 
activated glass fibers. Initially, experimental studies on the electric field, suspension 
concentration and EPD duration conducted to find optimum EPD parameters for 
deposition. Then, various GFRP specimens manufactured to evaluate the effect of 
fiber’s surface modification on ILSS of nanocomposites. Regarding most stable process 
and best quality of CNT deposition, the current density of EPD recorded between 0.5 to 
1 mA/cm2. Field strength enhanced deposition mass around 8.5 times, but the 
concentration effect was around 5.5. Current density diagram was steady in stable 
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processes and the first three minutes of EPD known as effective deposition time. The 
straightening influence of CNT deposition in composite’s interface observed more 
effective than other treatment techniques. CNT deposition on surface of glass fibers 
improved the ILSS of GFRPs by 18.2% & 41.5% compared with simple and de-sized 
control samples, respectively. 
Keywords: Electrophoretic Deposition, A. Carbon nanotubes, A. Nanocomposite, B. 
interface, B. Surface Treatments 
1. Introduction 
Hierarchical composite structures are nowadays known as new generation of 
glass fiber reinforced polymer (GFRP) composite materials. Reinforcing convenient 
GFRPs via new nano scale materials is one of the interesting research areas from 
discovery of nano materials [1]. The purpose of adding carbon nanotubes (CNTs) in the 
GFRP’s structure is mainly straightening the fiber-matrix interphase, in order to 
improve the matrix dominant out-of-plane properties of composites [2]. Reports confirm 
improvements in interfacial shear strength [3], interlaminar fracture toughness [4–6] and 
fatigue resistance of conventional GFRPs in mechanical and structural performances.  
CNTs have been perceived as ideal mechanical reinforcement candidates for the 
next generation of advance hierarchical composites [7,8]. Several experimental 
investigations [5,9], computational models [10,11], multi-scale material modeling [12–
14] and other studies has been allocated to confirm the benefit of utilizing CNTs in 
polymers. CNT’s incorporation in GFRPs is usually performs by dispersing CNTs into 
the polymer matrix through ultra-sonication, shear mixing, in situ polymerization, or 
improvement of disperse ability in organic solvents via surface chemical 
functionalization [15]. Liu et al. [16] improved the interlaminar shear strength (ILSS) of 
glass fiber epoxy composites by 25.4% through mixing 0.5 wt% CNTs in the epoxy 
which utilized to impregnate glass fibers to fabricate composite specimens. Shen et al. 
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[17] also successfully tried to improve the ILSS of glass fiber-epoxy composites by 
Graphene oxide nano particles. Park et al. [18] improved the fracture toughness of 
epoxy utilizing less than 1 wt% Graphene oxide nanoparticles.  
However, the unique mechanical properties of CNTs cannot be fully achieved in 
macro-scale composites, because the distribution and orientation of CNTs in the highly 
viscous resin are very difficult to control [19]. In recent researches, the most pivotal 
point for CNT incorporation in GFRPs is considering the polymer/ fibers/ CNT 
chemical properties and prepare chemical bond formation in between. He et al. [19] 
covalently grafted CNTs are on the surface of carbon fibers, Making functional groups 
on the surface of fibers to prone them to graft to the functional groups of CNTs via 
strong covalent chemical bonds. Eskizeybek et al. [5] proposed a comprehensive route 
to graft carboxyl functionalized CNTs to the surface of de-sized amino-silane treated 
glass fabric mats to improve composites fracture properties.  
Electrophoretic deposition (EPD) is a widely used coating method in industry 
and is famous for its low-energy usage and the also its ability to homogenously coat 
complex shapes with well adhered films of controlled thickness and density[20–22]. In 
this method, electrically charged CNTs in a suspension will immigrate toward the 
deposition surface with opposite charge by the energy of an external power supply. 
Naeimi et al. [23] studied the governing parameters in the EPD of luminescent 
containing CNTs on the surface of Aluminum to fabricate luminescent nanocomposites 
by the aid this technique. An et al. [20] applied EPD for deposition of CNTs on the 
surface of carbon fiber fabrics for production of carbon/epoxy composites. Zhang et al. 
[24] deposited CNTs on electrically insulating glass fiber surfaces to form semi-
conductive CNT/glass fibers and in turn multifunctional fiber/polymer interphases via 
EPD and conventional dip coating methods. The EPD fibers gained higher interfacial 
shear strength around 30% improvement compared to the dip coated fibers. Li et al. [25] 
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proposed EPD for preparing multi-scale carbon nanotube- woven glass fiber reinforced 
composites to enhance their mechanical and thermal properties of GFRPs. 
The main purpose of this study is to enhance the ILSS of GFRPs through proper 
application of CNTs in the fiber/matrix interface. CNTs are going to graft to the glass 
fibers surface in the interface region through vigorous chemical bonds. So, it is essential 
to activate both sides for such bonds and also attach them physically through EPD to 
achieve highest possible bonds. This purpose is chiefly affected by quality and also 
quantity of CNTs and their bonding with fibers & polymer in the interphase. So, 
practical parameters like suspension concentration, CNT functional groups, surface 
morphology of fibers, process duration and field strength in EPD process do control the 
specification of final CNT layer and consequently the grafts taken place in the interface. 
So, the influence of mentioned EPD parameters experimentally investigated through 
assorted EPD processes. The best EPD conditions applied to various surface quality of 
glass textures to produce nanocomposites specimens. Short beam strength (SBS) 
experiments conducted to evaluate the ILSS of fabricated nanocomposites. Final results 
represent the influence of applying appropriate EPD parameters for incorporation of 
CNTs in GFRPs. 
 2. Experimental: 
2.1. Materials and processing 
In this study, high quality woven E-glass texture fabrics (AF251100, Colan, 
Australia) has been used. Chemical treatments were performed by 3-(tri-methoxysilyl) 
propyl amine (Merck & Co. Inc. USA). Carboxyl functionalized multi-walled carbon 
nanotubes (referred to as CNTs) with 8-15 nm diameter (Neutrino, Iran) used in EPD 
cell. All EPD experiments has been performed via a DC power supply capable to 
produce electric potential difference between electrodes in the range of 20 volts to 800 
volts.  
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In order to prepare composite specimens, prepared glass texture samples 
impregnated with Bisphonel-F type shell 1001 (Shell, Netherlands) epoxy resin and its 
curing agent, in a compressed hand layup process. The specimens prepared through 
manually lay-up of 14 layers of simple and CNT-deposited glass textures. The molded 
composite specimens placed in 70˚C oven and ambient air pressure for around 10 hours 
for curing. The final composites achieved with 60±2 % of fiber volume fraction based 
on calculations.  
2.2. Glass fibers treatment: 
In this study, Following previous researches for glass fibers treatment [5,26], 3-
(tri-methoxysilyl) propyl amine has been used to prepare required bonds on the surface 
of glass texture, and make it ready to interact with CNTs. It diluted by 1 vol % in 
solution of acetic acid and deionized water with PH equal to 4 and mixed mechanically 
for around 45 minutes. Then glass textures immersed in the solution for one hour. 
Finally, excess water removed and specimens dried at 110˚C for 15 minutes in oven. 
The other functional group of coupling agents will be occupied by carboxyl functional 
groups on the outer walls of CNTs. EPD hired to form a homogenous layer of CNTs on 
the surface of glass textures, as shown in Fig. 1. During EPD, the negative charges of 
carboxyl groups on CNTs found positive charges of amidogens (NH2) formed on the 
surface of textures. If CNT deposited textures exposed to above 120˚C vacuumed 
condition available ionic bods will convert to robust covalent bonds. In this study, 
simple and de-sized glass fiber textures have been prepared for CNT deposition. In de-
sizing procedure, according to manufacturer’s advice, glass textures heat cleaned in 
500˚C for one hour to remove the sizing materials.  
2.3. Electrophoretic deposition (EPD) 
It is essential to use conductive materials as electrodes in EPD, so carbon fibers 
can be applied in this process comfortably. Though, a tricky arrangement in EPD cell 
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should be applied to feasible CNT deposition on nonconductive glass fibers. Putting 
glass fibers attached to the copper electrode enables the immigrating of CNTs in EPD 
cell to deposit on glass fibers and moreover penetrate between fibers in the texture 
structure. In this study, similar to previous researches [24,27], glass textures vertically 
attached to the electrodes with insulated dispensers to provide penetration of nano 
particles through the fibers. Various deposition experiments and controls on parameters 
have been designed to realize each single parameter influence on the deposition quantity 
and quality. Table 1 presents the parameters which controlled in all experiments, 
keeping all other parameters constant, to conclude their individual influence.  
 In each experiment, calculated weight of CNTs has been dispersed in absolute 
ethanol in such a way to reach a smooth suspension for the process. During each 
experiment electric current has been recorded in order to determine current density of 
process in mA/cm2. After each process completion, the specimens were dried in oven, 
then weighed to calculate achieved deposition mass. The percentage of increased weight 
in each specimen which attained trough CNT deposition has been reported as deposition 
mass.  
3. Results & discussions: 
3.1. Chemical characterization and Surface morphology 
 Scanning Electron Microscopy (SEM) images (Carl Zeiss, LEO 1445 VP) from 
the surface of specimens helped justification on the quality of CNT’s deposition in the 
nano scale. Fig. 2 illustrates the SEM images of CNT deposited glass textures in three 
different conditions of EPD process. The lowest suspension concentration and applied 
field outcome has been shown in part a, while the highest amounts for mentioned 
parameters results in a specimen that depicted in part b. Meanwhile, the optimum 
conditions which will be described in following sections results in deposition which 
revealed in parts c & d with two magnifications. When higher field strength and 
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suspension concentration used, agglomerated CNTs deposited on the surface of glass 
fibers. This unpleasant experience is due to high energy process which cause a stimuli 
for CNTs to find each other and gather for better stability before deposition. In such 
experiments the agglomerated CNT movement will produce visible current in the 
suspension fluid. Such high voltage EPD also concurrent with temperature raise in the 
suspension, especially when highest concentration of CNTs utilized. On the other hand, 
using lowest fields and concentrations does not fulfill the deposition objectives and will 
not prepare the required situations for CNTs to bond with the glass fibers. 
Consequently, it is obvious that in order to achieve an acceptable deposition mass, an 
accurate and calculated process should be hired based on comprehensive researches on 
dominant parameters. 
 Fourier Transform Infra-Red (FT-IR) spectroscopy (Perkin-Elmer, Spectrum 
One FTIR Spectrometer) from the specimens during various stages of the experiments 
illustrated in Fig. 3. All observations in the FT-IR results reveals suitable treatment of 
glass fibers with previously mentioned amino-silanes and proper chemical bonding 
formation between functional groups on CNTs and amine groups on the surface of glass 
fibers.  
 First in functional groups, peaks around 3436 cm-1, 2919 cm-1 and 2851 cm-1 are 
same in both specimens. But, the first peak which attributes to presence of OH bonds 
and also primary and secondary amines, is more intense in deposited specimen. The 
drastic increase in the intensity of this peak in deposited specimen, is due to presence of 
new NH2 and also OH bonds, which came from treatment process. The noteworthy 
point in diagrams is new peak in deposited specimen in 1624 cm-1 which belongs to NH 
bonds in primary amides. So, it can be concluded that the amide bonds fabricated and 
chemical attachments between glass fibers and CNTs formed actually. Another unique 
peak in deposited diagram is around 1384 cm-1 which belongs to COO groups in 
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carboxylic acids, or the functional groups in the CNTs. In addition, the peak in the 1026 
cm-1 which appeared just in deposited specimen is due to Si-O-Si which shows a sign of 
CNT grafted glass fibers. The intensity of bonds in peaks like 1480 cm-1, 1260 cm-1, 
1110 cm-1 and 500 cm-1 which belong to N, Si and C in the silanes decreased which 
shows the transforming of silanes to amide bonds effectively in the interface. Another 
exclusive peak for deposited diagram is a peak in 800 cm-1 that expresses CH out of 
plane bonds which are fabricated during dehydration.  
3.2. Effect of field strength and suspension concentration: 
CNT deposition on glass fiber surface should be analyzed according to EPD 
mechanisms which explains the dispersed particles interactions in the liquid based on 
fundamental theory of Derjaguin–Landau–Verwey–Overbeek (DLVO). Sarkar et al. 
[28] in their Electrical Double Layer (EDL) theory explained ions deposition in EPD 
process. Hamaker et al. [29] explained similarities between deposition in electrophoresis 
and gravitational forces in their theory which describes flocculation by particle 
accumulation. Besides all electrochemical theories, experimental results will clarify 
EPD capabilities in innovative nanocomposite manufacturing methods. In order to 
evaluate the exact influence of field strength and suspension concentration, a unique 
suspension prepared for a series of experiments with various fields in separate 
experiments. Three minutes EPD experiments performed on 10 Cm2 simple treated 
glass texture specimens. Fig. 4, illustrates the recorded current density diagrams of three 
different suspension concentrations in individual fields. Current density actually shows 
the capability of charged particles to deposit on the glass texture during the EPD 
process. According to the mentioned EPD theories, the process current density should 
raise when higher field and suspension concentration applies. Reasonably, the current 
density in the majority of experiments were steady, but in the highest concentration and 
especially when biggest field applied. According to diagrams, up to 100 V/cm field in 
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the process, the current density will rise up gradually with the concentration increase, 
but in two highest fields, a drastic increase recorded especially in specimen with 
greatest concentration.  
As mentioned earlier, there are various parameters which dominant the process 
and logically different dependencies between the variables. In fact, according to EPD 
theories, the rate of deposition will decrease when the particles attach to the surface and 
the subsequent particles supposed to recoat the initial coatings. It does not appear 
notably in first three minutes of experiments which has been discussed precisely in 
following sections. This phenomena observed in longer processes focusing on the 
process duration effects. In this part which demonstrate the individual effect of field and 
concentration, a clear resultant can be achieved when these results cross checked with 
the deposition mass diagrams, shown in Fig. 5. It reveals that although deposition will 
increase due to field rise in unique concentration, but the best increase in deposition 
(around 8.5 times) has been achieved in lower concentration (0.1 g/L), when the field 
increased 10 times (from 20 V/cm to 200 V/cm). Deposition mass can be increased via 
suspension enrichment in each field strength, but the best improvement (5.4 times) was 
observed in lowest field (20 V/cm).  
Both field strength and suspension concentration increase the quantity of CNTs on the 
surface of glass fibers, but the rate of deposition found bigger, when lowest parameters 
applies in the process. The process observed steady and smooth in lower fields and CNT 
concentrations. On the contrary, sort of turbulent stream observed in the suspension, at 
higher field strengths. This stream can be addressed through scattered records for 
process current density, shown in Fig. 4 diagrams. This unpleasant stream was more 
severe in higher concentration, when the particles were numerous and under big forces.  
To the best of author’s observations and experiments, it is not possible to raise 
the field unconditionally to improve the deposition quantity and quality. It means that 
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although the charges are transferring inside the suspension but they do not certainly 
deposit on the glass fibers. They may touch the opposite charge electrode and leave the 
surface without any useful deposition on the fibers. Practically in EPD of CNTs on glass 
fibers, field strength should be maintained in order to achieve the best outcome, in each 
suspension. It’s noteworthy to mention that preparing lower concentration of CNTs in 
suspension is greatly recommended due to enormous problems in CNTs dispersion in 
the suspension. So, it is recommended to minimize the concentration and optimize the 
field strength as much as possible to achieve the best deposition in experiment.  
According to Figs. 4 & 5 results, in it can be concluded that the best deposition 
achieves when the current density of process fall between 0.5 mA/cm to 1 mA/cm. This 
criterion guarantees the stability of particle movements in suspension, deposition quality 
and uniformity of created layer, as shown in parts c &d of Fig.2.  
3.3. Effect of EPD duration: 
In the next step to evaluate the EPD experimental governing parameters, six batches of 
0.25 g/L suspension concentrations have been prepared uniquely and 10 cm2 glass 
textures were exposed to 100 V/cm field for different period of time. Results in Fig. 6 
shows that deposition mass from the beginning up to second minute of process will 
increase linearly with time (the diagram slope is 1), while thereafter the velocity of 
deposition decline as the slope of the mass-time diagram decreases. The deposition rate 
in higher periods of time increase up to 0.2 in the final stages of the process. In the same 
diagram the cumulative deposition mass also shown in bars. It can be easily concluded 
that in a 15 minutes EPD process, around half of the deposition mass fulfilled in first 
there minutes. So, the first three minutes of EPD can be nominated as the effective time 
of process for the defined situations. This consequence illustrates the role of initial 
deposition and also subsequent particles interaction with initially deposited particles, 
described in details in EPD mechanism theories [28,30,31].  
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Comparative macro images presented in supplementary information clearly show the 
effect of field strength, CNT concentration and EPD duration on deposited samples.  
3.4. Short beam strength experiments 
In order to evaluate the effect of CNT incorporation on the shear strength of 
GFRPs, the ILSS of prepared nanocomposites has been measured via short beam 
strength (SBS) experiments based on ASTM D-2344 standard. For each experiment, 
five specimens of composites mentioned in Table 2 prepared in 15 mm×5 mm×2.5 mm.  
EPD was performed just on chemically treated de-sized glass specimens 
according to attained optimum conditions in previous sections. These samples exposed 
to 100 V/cm field EPD process in 0.25 g/L CNT concentration for three minutes.  
According to the standard instructions, composite specimens laid on 3mm diameter 
round supports with 10 mm distance span. One 6 mm diameter bar loaded on the middle 
of specimens with the rate of 1 mm/min in the universal testing machine. The maximum 
load for calculation of ILSS was obtained from recorded loads. The ILSS (FSBS in MPa) 
is calculated using Eq. (1) where P, b and t are maximum recorded load (N), specimen’s 
width (mm) and specimen’s thickness (mm), respectively. 
          
 
   
                                               (1) 
Fig. 7 presents the load-deflection curves of specimens under SBS tests. It 
shows that any modification on the surface of glass fibers will decrease the deflection of 
specimen at the maximum recorded load. De-sizing and treatment will decrease the 
maximum load as well as deflection at this point. According to Table 2 test results, 
41.5% improvement achieved in the ILSS of de-sized treated deposited glass fibers 
composite specimen which is due to reinforcing the composite interface with chemical 
grafts between glass fiber surface and CNTs. This attainment fulfilled through uniform 
deposition of CNTs on the activated fibers in a controlled and designed EPD process.  
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 ILSS of simple fiber composites, which covered with sizing materials in factory 
through glass fiber fabrication methods, found around 16.5% higher compared with de-
sized fibers specimen.  The ILSS of chemically treated de-sized fibers composite was 
slightly higher (about 2%) compared with when de-sized fiber used in the composite 
structure. Although the treatment in this study does not results in same shear 
performance of factory sized specimens but, an applied advantage achieved. Practically 
it was not possible to use simple glass textures in EPD process because of the slippery 
simple glass fiber surface. This slippery surface which created because of using film 
formers in the factory sizing procedure restricts utilization of sized glass textures for 
deposition of CNTs in EPD process. When simple fibers heat cleaned for de-sizing and 
again the coupling agents attached to their surface through chemical treatment, it's 
possible to reach activated fibers capable of being used in EPD process.  
Best achieved ILSS in this study which attributed to de-sized treated deposited 
fibers in composite specimen observed 41.5% bigger than de-sized treated and 18.2% 
higher than simple fibers composite specimens. Various improvement in ILSS of 
GFRPs due to CNT reinforcement in the entire matrix or in the interphase. Li et al. [25] 
compared the EPD duration on the shear performance of CNT reinforced GFRPs and 
could improve their ILSS by 10% and 24% respectively through applying EPD for three 
and ten minutes for deposition of CNTs on the surface of glass fibers. Results achieved 
from SBS tests on samples prepared by Rathore et al. [32] via dispersing CNTs in the 
epoxy instead of using the particles on the interface shows that in the best conditions 
ILSS can be improved by 15% through reinforcing epoxy by 0.3 wt% of CNTs. 
Wichmann et al. [33] also could increase the ILSS of CNT reinforced GFRPs by just 
16% through dispersing 0.3 wt% CNTs in the epoxy matrix. The outstanding results in 
the present study is due to surface engineering on the glass fibers, but not like 
fundamental modifications, and also optimizing EPD parameters to achieve the highest 
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possible CNT deposition to improve the interface in the subsequent nanocomposites. 
Generally there are several other possibilities to increase the interlaminar performance 
of GFRPs like applying more professional surface activation on the surface of fibers and 
CNTs, utilizing curing agents and also coupling agents in the matrix structure.  
4. Conclusions: 
Electrophoretic deposition of CNTs on the surface of glass fibers has been found 
a versatile method to reinforce fiber/matrix interface of GFRPs in nano scale. By the aid 
of this method, it’s possible to improve the ILSS of laminate composites through 
incorporating proper quantity of CNTs in the proper place of the composite structure. In 
present study activated, CNT deposited glass fibers in the composite structure improved 
ILSS of GFRPs by 18.2% & 41.5% compared with simple and de-sized glass fibers, 
respectively. The salient enhancement has been achieved through appropriate utilization 
of EPD along with enabling the CNT/glass fibers to graft chemically beside physical 
adsorptions. Morphology of manipulated, deposited and reinforced glass fiber surfaces 
approved execution of designed chemical reactions between CNTs and glass fibers. The 
effect of electric field strength, CNT suspension concentration, EPD duration and glass 
fiber surface quality has been evaluated on the quality and quantity of CNTs deposition 
mass and also process stability. Among several EPD alternatives, the most homogenous 
deposition of CNTs on the glass textures achieved when 100 V/cm field applied to 
specimens in 0.25 g/L CNT concentration for three minutes. 
5. Supplementary information 
Visual inspection on various EPD experiments expressing discussed influences 
are presented as comparative macro images in supplementary information. 
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Figure’s Captions: 
Fig. 1. Chemical bonds on the surface of glass textures in suspension of EPD process. 
Fig. 2. SEM images of CNT deposited glass fibers in poor (a), strong (b) and optimum 
(c&d) EPDs. 
Fig. 3. FT-IR Spectroscopy of glass textures in different stages of treatments.  
Fig. 4. Current density diagrams in field and concentration controlled EPDs. 
Fig. 5. Effect of field and concentration on CNT deposition mass in EPD. 
Fig. 6. Effect of EPD duration on deposition mass of CNTs on the glass fibers. 
Fig. 7. Load-deflection diagrams of various CNT reinforced nanocomposites in SBS test. 
 
 
 
 
Fig. 6. Chemical bonds on the surface of glass textures in suspension of EPD process.  
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Fig. 7. SEM images of CNT deposited glass fibers in poor (a), strong (b) and optimum 
(c&d) EPDs. 
 
 
 
Fig. 8. FT-IR Spectroscopy of glass textures in different stages of treatments.  
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Fig. 9. Current density diagrams in field and concentration controlled EPDs.  
 
 
 
 
 
Fig. 10. Effect of field and concentration on CNT deposition mass in EPD.  
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Fig. 6. Effect of EPD duration on deposition mass of CNTs on the glass fibers.  
 
 
 
Fig. 7. Load-deflection diagrams of various CNT reinforced nanocomposites in SBS test. 
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Table’s Captions: 
Table 1. Investigated parameters in EPD of CNTs on glass fiber textures  
Table 2. ILSS of CNT-reinforced nanocomposites in different methods 
 
Table 2. Investigated parameters in EPD of CNTs on glass fiber textures 
Parameter Unit Ranges 
Electric field strength V/cm 20, 50, 100, 150, 200 
CNT concentration g/L 0.1, 0.25, 0.5 
Process duration minute 1, 2, 3, 5, 10, 15 
Glass fibers surface 
quality 
- 
simple, De-sized, Simple treated, De-sized 
treated 
 
 
 
 
 
Table 2. ILSS of CNT-reinforced nanocomposites in different methods 
Glass fiber Specifications Sample Code ILSS (MPa) % Improvement 
Simple S 30.3 - 
De-sized X 25.3 -16.5 
De-sized /Treated XT 25.9 -14.5 (2% over de-sized sample)  
De-sized/Treated/Deposited XTD 35.8 18.2 (41.5% over de-sized sample) 
 
 
